We investigated the relationship between the absorption in silicon nanocrystals ͑Si NCs͒ and the photocurrent of Si NC solar cells. Here, the absorption of Si NCs in the blue and green light regions was enhanced by up to 14 times compared to bulk Si. In addition, the photocurrent in Si NC solar cells was found to originate from absorption in the Si NCs. The photocurrent of the Si NC solar cells, however, was smaller than the predicted value due to the slow carrier transport in the silicon nitride film containing the Si NCs.
We investigated the relationship between the absorption in silicon nanocrystals ͑Si NCs͒ and the photocurrent of Si NC solar cells. Here, the absorption of Si NCs in the blue and green light regions was enhanced by up to 14 times compared to bulk Si. In addition, the photocurrent in Si NC solar cells was found to originate from absorption in the Si NCs. The photocurrent of the Si NC solar cells, however, was smaller than the predicted value due to the slow carrier transport in the silicon nitride film containing the Si NCs. © 2009 American Institute of Physics. ͓doi:10.1063/1.3242030͔
Despite the growing importance of solar cells, the cost of solar cells needs to be further reduced before they can successfully replace the current use of fossil fuels. To this end, one promising solution is the use of tandem solar cells composed of materials having different energy bandgaps, which can fully harness the energy of photons by minimizing the thermalization of photogenerated carriers; 1 hence, there has been a rising interest in tandem solar cells constructed of compound semiconductors 2,3 and organic materials. 4 However, there have been few studies relative to silicon ͑Si͒ that is used in the production of more than 90% of all currently available commercial solar cells, 5 until the concept of Sibased tandem solar cells using Si nanocrystals ͑NCs͒ was recently proposed. 6 Si NCs have been known to possess interesting properties such as bandgap modulation with NC size 7, 8 and very fast optical transition, 9 which make them suitable for Si tandem solar cells that potentially have better performance than current bulk Si solar cells. However, in spite of recent results regarding Si NC solar cells, 10, 11 to date there has been no report on the relationship between absorption in Si NCs and the performance of Si NC solar cells; thus, these topics are the focus of this report. Here, significantly increased light absorption in Si NCs was observed compared to bulk Si, although performance of the solar cell was found to deteriorate by slow carrier transport. We also showed that the photocurrent of Si NC solar cells was due to the absorption in the Si NCs.
In this study, Si NCs embedded in amorphous silicon nitride were grown in situ on p-type Si wafers having a low resistivity of 0.005 ⍀ cm by plasma-enhanced chemical vapor deposition at 400°C and 1.5 Torr. In addition, p-type Si wafers having a resistivity of 3 ⍀ cm were also used to evaluate the contribution of Si wafers to the photocurrent of Si NC solar cells. The thickness of the silicon nitride film was 126 nm and the Si NCs grown in the silicon nitride film had crystalline phase with a density of 1.5ϫ 10 12 / cm 2 , as shown elsewhere. 12 Photoluminescence ͑PL͒ was measured with a He-Cd laser ͑ = 325 nm͒ and absorbance was calculated from the extinction coefficients measured using an ellipsometer. Patterns with areas of 1 ϫ 1 cm 2 were defined by photolithography for photoresponse measurement and solar cell measurement. A 150 nm thick In 2 O 3 : Sn film ͓indium tin oxide ͑ITO͔͒ was used as the transparent current spreading layer, and 100 nm thick aluminum ͑Al͒ layers were used as front and back metals; the ITO and Al films were deposited by e-beam evaporation. The photoresponse of Si NCs was measured using a parameter analyzer ͑HP B1500͒ under a halogen-tungsten lamp, and solar cell performance was evaluated under ASTM AM1.5 condition ͑100 mW/ cm 2 ͒. In addition, the drift mobility of photogenerated carriers in the solar cell was assessed by measuring the capacitancefrequency characteristics with and without illumination. This measurement was obtained using an HP 4284 with an oscillating voltage of 100 mV and no external bias. Figure 1͑a͒ compares the measured absorbance of Si NCs in silicon nitride with that of bulk Si, which was calculated using theoretical absorption coefficients. 13 The size of deposited Si NCs was 5.48 nm, which was determined from PL emission at 1.6 eV ͓see inset of Fig. 1͑a͔͒ using the relationship between the PL emission energy and Si NC size. 14 Considering the Si NC density of 1.5ϫ 10 12 / cm 2 , the volume fraction of the Si NCs in silicon nitride is about 15%. Figure  1͑a͒ also shows that absorbance of the Si NCs is larger than bulk Si having same thickness ͑126 nm͒ under blue and green light. Moreover, if the volume fraction of Si NCs is considered, the absorbance of the Si NCs under blue light is 14 times larger than that of bulk Si having a thickness of 20 nm which corresponds to the volume of Si NCs in silicon nitride film, as shown in Fig. 1͑b͒ . This large enhancement in absorption is ascribed to the increased oscillator strength in Si NCs due to the quantum confinement effect in Si NCs, which is evidenced by PL emission energy in the inset of Fig. 1͑a͒ . In contrast, bulk Si shows higher absorbance than Si NCs in ultraviolet ͑UV͒ and infrared ͑IR͒ regions, as also shown in Fig. 1͑a͒ . The direct bandgap transition in bulk Si occurs at 365 nm, 15 resulting in a higher absorbance in bulk Si in the UV region. In addition, the absorption onset ͑E abs ͒ of 5.48 nm Si NCs was determined to be 689 nm based on for the Si NCs and the bulk Si having a volume equivalent to that of the Si NCs, respectively. However, Fig. 2͑a͒ shows that the measured photocurrent is only 55 A / cm 2 , which corresponds to 1.25% of the estimated J MAX of the Si NCs. In addition, the I-V curve in Fig. 2͑a͒ shows a linear behavior, indicating a high series resistance in the Si NC solar cell. 11 The small photocurrent in the Si NC solar cells, in spite of the larger absorbance in Si NCs compared to that of the bulk Si shown in Fig. 1 , can be attributed to low carrier transport in the tunneling process between Si NCs embedded in the silicon nitride. For example, the carrier mobility in silicon oxide film containing Si NCs is known to be 10 −4 cm 2 / Vs, 16 and that of a Si NC film fabricated by synthesis and spin-coating is estimated to be 10 −3 cm 2 / Vs. 17 In addition, an amorphous Si/amorphous silicon nitride superlattice with layer thicknesses of 5.2 and 1.3 nm is known to have a low carrier mobility of 10 −4 cm 2 / Vs. 18 However, these results cannot be directly applied to Si NC solar cells, where there is no external bias; thus, the carrier mobility in silicon nitride film containing Si NCs was estimated from the frequency-dependent photocapacitance of the Si NC solar cell. Figure 2͑b͒ presents the capacitance profiles of the Si NC solar cells versus oscillating frequency with and without illumination, showing that the gap between the two capacitance curves disappears at 6 kHz. It should be noted that the capacitance without illumination may be due to charges in the silicon nitride film with Si NCs, whereas the increase in capacitance under illumination can be ascribed to photogenerated electrons and holes. 19 However, if the oscillating frequency becomes larger than 1 / t , where t is the time necessary for photogenerated carrier transport, there will be no increase in the capacitance under illumination due to unsuccessful electron-hole separation. 19 Here, t is also related to carrier mobility ͑͒ as t = W 2 / V, where W is film thickness and V is applied bias. 20 Hence, the result in Fig. 2͑b͒ indicates that t is 167 s and that the carrier mobility in the Si NC solar cells is 2 ϫ 10 −6 cm 2 / Vs, considering that W is 126 nm and V is 0.45 V which is the difference of work functions of electrodes.
The carrier mobility in silicon nitride containing Si NCs can be related to direct tunneling process in which the tunneling probability ͑T e ͒ exponentially depends on the distance ͑d͒ between Si NCs as T e ϰ exp͓−͑d / h͒ ͱ 8m posited silicon nitride is 4.6 eV. 23 Thus, if the density of Si NCs can be increased by 40%, the distance between Si NCs will decrease from the observed distance of 2.84 to 2 nm. This decrease will increase T e by 300 times, resulting in a significantly increased carrier mobility between Si NCs. This prediction indicates that the increase of the density of Si NCs in the silicon nitride films by 1.4 times is sufficient to realize Si NC solar cells having a photocurrent of 4.83 mA/ cm 2 -which is four times larger than that of bulk Si solar cells having the same Si volume.
To date, however, the origin of the photocurrent in Si NC solar cells has yet to be clearly studied. Figure 3͑a͒ shows the external quantum efficiency of Si NC solar cells, where the inset depicts the transmittance of an ITO electrode. The figure shows that the quantum efficiency of the solar cell increases as the energy of photon increases, which agrees with the absorbance profile of the Si NCs shown in Fig. 1͑a͒ . This result suggests that the photoresponse is related to absorption in the Si NCs. On the other hand, the decrease in quantum efficiency in the UV region can be ascribed to absorption loss by the ITO electrode as shown in the inset of Fig. 3͑a͒ . Figure 3͑b͒ then compares the I-V curves of Si NC solar cells with p-type Si wafers having a resistivity of 0.005 and 3 ⍀ cm under a halogen-tungsten lamp; the widths of depletion region in the Si wafers are 7 and 360 nm for respective p-type Si wafers. However, Fig. 3͑b͒ shows that there is a negligible difference in the photocurrents of the two samples, indicating little contribution to photocurrents by Si wafers. Therefore, Figs. 3͑a͒ and 3͑b͒ imply that the photocurrent of Si NC solar cells originates from the absorption of light in the Si NCs, not from the Si wafer.
In summary, the absorption of light in Si NCs embedded in silicon nitride and the photocurrent of Si NC solar cells were studied. Our results showed that the 5.48 nm Si NCs showed enhanced absorbance in the blue and green light regions that was up to 14 times larger than that of bulk Si having an equivalent Si volume. The photocurrent of the Si NC solar cells, however, was smaller than the photocurrent predicted from the absorbance of Si NCs. This smaller photocurrent was ascribed to slow carrier transport due to the large spacing between Si NCs in silicon nitride films. In addition, the little contribution to the photocurrent from the Si wafer indicated that the photocurrent in Si NC solar cells was generated by light absorption in the Si NCs. 
